A shape r ecovery problem of book surface using two shade images under the fully perspective environments is discussed. In order to simplify the problem, the whole recovery process is divided into three s e quential and explicit steps: preprocessing, apparent shape r ecovery, and generation of ortho-image. The separation of albedo and shading with reduced eect of interreections is done in preprocessing step by applying image processing and a phenomena-based m o del. Implicit equations governing the shading and observation have been transformed into explicit ones having minimized number of unknown parameter. A direct and unique recovery become possible by combining the transformed ones and the recurrence r elation. A feed-back recovery process is implemented a s a p r actical algorithm which overcomes self-shadows. The results of simulations and real experiments show the properness and acceptability of the proposed approach and the implemented algorithms.
Introduction
Shape from shading (SFS) problem has gained the attention of many researchers as it allows recovering explicit geometric information of 3D objects from 2D projected images: an important aspect in the eld of computer vision. One particular problem involves recovering the orthographically projected shape model of a spread-opened book from its perspectively observed shade images. Two major diculties arise when considering this SFS problem. The rst concerns the surface of the facing pages (leaves), termed collectively as the spread, in which non-constant albedos, selfshadows, and interreections [10, 11] occur; and the discontinuity of shading occurring at the outer mar- Fig.1 Observing instruments. gins and concave portions. The second concerns recovery using the perspectively observed shade images which leads to an implicit problem because a priori information of depth, i.e., the solution itself, is required for solving.
To treat these diculties, we assume that i. albedo of the area with no printing is constant, ii. variations of depth exist vertically, iii. weak specular reection for a non-glossy paper, iv. interreections only appear near the central, concave (folded) portion of the spread. Based on (iii), it is assumed that the spread possesses only matte Lambertian reectance characteristics [4] .
Previous studies [12, 13, 14, 15] used a scannergenerated image as the observed image, where the target shape was recovered by introducing an optomechanical model of shading and scanning, and by iteratively minimizing a function describing dierences between the reectance from the model and observed images. Here, however, we directly solve the perspective SFS problem using a commercial type setup, i.e., two images are observed by a pinhole camera and Albedo of unprinted paper is constant Fig.2 Flow diagram of the overall process. two perspectively incident point light sources (Fig.1) which t ypically produce self-shadows at the outside margins and folded portions of the spread. This new approach is dierent because it is non-iterative recovery algorithm such that interreections can be directly reduced by rst separating pure shade images and shape is recovered within few steps of feed-back by a direct recovery algorithm.
Although the perspective SFS problem has been treated using approximate solutions [1, 8, 9] ; here, we propose a new theoretical approach to the problem. That is, the problem is solved directly by transforming implicit equations into explicit ones in which the number of unknown variables has been minimized. Specically, the albedo of the image is separated prior to shape recovery, which alleviates the divergence problem of albedo recovery [2] caused by self-shadows and interreections. Accordingly, pure shade images, which can be treated similar to Lambertian model images, can be recovered by separating the background reectance and the foreground reectance caused by pigments as will be shown.
The fundamental concept of our approach is based on a divide-and-conquer strategy; one allowing the complex SFS problem to be simplied by dividing it into three easily-treatable successively solved problems. Figure 2 shows the overall recovery process, being comprised of three main reconstruction stages: preprocessing, recovery, and postprocessing. In the preprocessing stage, the pure albedo and shade images are extracted from the observed images using the assumption of a constant albedo for the unprinted areas in conjunction with introducing a phenomena-based model for representing interreections. Obtaining the pure shade images in this manner is a key step required in shape recovery of the self-shadow zone. Using invariance of depth, shape recovery is then made possible by transforming the implicit SFS problem, being caused by perspective observation, into an explicit one. This transform divides the shape recovery Fig.3 Process for solving considered SFS problem. problem into two processing steps: a unique approach allowing the shape of the Lambertian cylinder to be directly determined using a non-iterative method provided there is no self-shadows or no discontinuity o f shading.
The employed theoretical solution and resultant problem formulation are rst described in Sect.2, after which implementation of the associated algorithms is discussed in Sect.3. The results of simulations and actual experiments are then presented in Sect.4, being immediately followed by conclusions in Sect.5.
Theoretical solution
Typical SFS algorithms are based on orthogonal projection and Cartesian coordinate system (see [5] for typical approaches). When considering perspective imaging, however, Cartesian and pixel coordinate systems are simultaneously used as the basis for imaging algorithms [6, 7] . Accordingly, ( X;Y;Z) a n d ( x; y; z) are used to represent Cartesian and pixel coordinate systems, respectively. Under our notation, (X i ; Y i ; Z i ) denotes the coordinates of the i-th light source, Z o the height of the pinhole camera, p the local slope along the X axis ( @Z @X ), and I 0 the product of the strength of emitted light and surface albedo.
The basic process for theoretically solving the perspective SFS problem is shown in Fig.3 , and corresponds to the second and third processing stages of Fig.2 . Detailed mathematical derivations of equations employed in problem formulation have been previously described [2] . (2) Although eqs. (1) and (2) initially appear to contain ve unknowns (X,Y ,Z,I 0 ,p), due to implicitness, once the a priori value of Z(X;Y ) is determined, the values of X, Y , and p can be easily obtained. Accordingly, only Z and I 0 are unknown such that the actual problem lies in determining Z prior to p.
Theoretical recovery process
The key step in the proposed recovery process is based on minimizing the number of unknown parameters by transforming the implicit problem into an explicit one using invariance of depth as the basis. As even in a perspective observation Z(X;Y ) z(x; y), eq. (2) can be substituted into eq.(1) such that the unknowns X and Y can be eliminated. Once done, we can derive both the transformed shading equation dened in the pixel coordinate system and the equation of the ortho-image. I 0 is subsequently eliminated by calculating the photometric ratio [16] of two transformed shading equations which correspond to respective shade images. On the assumption that z(x; y) i s known, the equation of slope is obtained by solving the formulated photometric ratio equation with respect to slope p(x; y). The recurrence relation, which provides the a priori value of z(x; y) for the equation of slope, is derived from the denition of mean slope used in discrete image. Consequently, as only depth z(x; y) remains unknown, in conjunction with using the initial condition, unique shape recovery is achieved . Figure 3 diagrammatically shows the step at which the shape recovery process is implemented. Initial condition gives z(0; y ) which is used for calculating the slope of this pixel. Using the slope in conjunction with the recurrence relation the depth of next pixel is calculated, i.e., a unique solution is directly obtained by successively performing these steps.
Shape recovery is based on the three following equations.
{ Equation of slope Pure shade images having constant albedo must be generated for shape recovery of the self-shadow zone, being achieved by removing the eects caused by the albedos of text pigments and interreections.
Variations in the global brightness of unprinted surface areas assumed to have a c o n s t a n t albedo are primarily caused by variations of shading in the Lambertian model; hence, it is possible to separate a unique pure albedo (x; y) using 
where I 1 (x; y) a n d I 2 (x; y) are observed brightness of two images, respectively, and [I 1 (x) + I 2 (x)] paper is the mean brightness of the unprinted paper in each vertical row. This portion within images is extracted by applying a typical image processing technique which calculates the variance of brightness in local neighborhood and then sequentially, analyzes the resultant histogram distribution of variance as is shown in Fig.4 . With (x; y) obtained from eq. (7), the pure shade images L i (x; y) can be separated using 
Reduction of interreections
The eect of interreections, which mainly appear on the folded areas of the book [14] , must be reduced to generate a pure shade image similar to a Lambertian model image. However, this eect is dicult to remove by applying existing theoretical models. We therefore developed a phenomena-based model representing global reections in order to reduce this eect. This model is directly obtained from L i (x; y), and is shown in Fig.5 as the curve of modeled interreections. Due to the fact that the indicated curve of mean brightness has its peak at a location corresponding to the central region where the leaves are bound, and that it is superimposed on the curve of modeled interreections, it is easily deduced that the peak of brightness in folded area is due to the eect of interreections. Accordingly, the indicated curve of modeled interreections is taken as the global model L G i (x). The local eect L L i (x; y), which is described as L L i (x; y) = a(x; y)L G i (x) + b(x; y); (9) is then estimated by minimizing the tting error of both sides of eq. (9) and subsequently removed from the pure shade image. Images (a) and (b) of Fig.6 and Fig.7 shows the observed and the separated pure shade images, respectively for the indicated case.
Shape Recovery
To o v ercome the self-shadows at the outer margins and in folded areas, which is necessary for reliable shape recovery, a more comprehensive algorithm is needed than that used in the theoretical recovery process (Fig.3) ; thus, a feedback process is implemented for this purpose. Figure 8 shows a diagrammatic representation of the employed practical algorithm.
By applying eqs. (5) and (3) under the assumption that no shadows exist, the initial shape can be estimated using the pure shade images. Then, using the resultant shape, a shadowless zone which occurs over the line of incident light p L i is determined on the following condition 
Y i Zi
; thr > 0: Then, within the shadowless zone, the pure shade image is t to the theoretical reectance calculated using the recovered shape image.
In next process, the same way as initial estimation is done on shadowless zone. However p S i of eq.(4) is calculated using a shadowless image only when another one is self-shadowed. Combining the shape of shadowed and non-shadowed zones the whole shape is obtained, and hence this recovered one is used for the renement on next iteration. On the folded part of book, where no direct light reaches, the extrapolation of shape from the already recovered zone is done.
This feed-back process is repeated until the iteration error of shape recovery becomes acceptably small. In real images, this process has become converged within few steps with respect to the acceptable iteration error.
Finally, the ortho-image is generated using eq.(6). 4 Simulations and Experiments
Simulations
We generated a set of simulated shade images with the following characteristics:
-Shape: two horizontal, adjacent half cylinders -Size: 512(h)2512(v)245(max. depth) pixels Fig.9 Simulated results of shape recovery.
-Position of light sources: (69000,0,3000) pixels -Position of pinhole camera: (0,0,4000) pixels -Rate of interreections: 1.0 % -Condition : perspective shading and observation, self-shadows, and interreections The resultant error calculated for various conditions (cases 14) is shown in Table 1. In each eld of table, Yes means imposing the true condition, whereas No means ignoring the condition in the shape recovery. Note that the error is lowest when using case 4 (12.7 %) which includes all true conditions in the recovery process. Figure 9 shows cross-section proles of original shape and that simulated for cases 1 and 4, where good agreement is clearly apparent between the original and case 4, whereas poor agreement is indicated for case 1. The rate of error was determined using Error(%) = 100 2 jZ real 0 Z recovered j Z real :
These simulations indicate that proposed process is superior to conventionally used approaches which typically ignore the eects due to perspective observation, and/or the eects of self-shadows and interreections. Another set of shade images were simulated without considering the eect of interreections, thereby allowing evaluation of the source of error in shape recovery. By imposing the most suitable conditions, the error was reduced to 3.5 %. This error is believed to result from extrapolation error and deformation of the observed shape during perspective observation, i.e., @Z @Y 6 = 0. The dierence between this error and that in case 4 is mainly attributed to removal of interreections and the ensuing error successively generated during extrapolation.
Application experiments
We e v aluated our shape recovery process by undergoing two application experiments. Figures 6 and 7 , having 998 2 998 pixels of spatial resolution, show corresponding results, i.e., the observed shade image, separated pure shade image, ortho-image of the surface albedo, and recovered 3D perspective view, respectively, where pure albedo image and shape recovered using the second image and the pair one are used for generating the last one.
As a means to evaluate how accurately the observed shape is recovered, we qualitatively estimated how effectively the deformations present in the original image were removed. Using this criterion, as nearly all eect of perspective observation have been removed, we conclude that the proposed recovery process is suitable. Figure 10 shows images of an enlarged portion of Fig.7 , i.e., the observed, pure albedo, pure shade, and ortho-image, respectively, where the contrast of these images was enhanced for ease of viewing. The observed image shows the presence of background reection caused by pigment (text) on the reverse side of the page, specular reection, and foreground matte reection. Note that nearly all the locally varying reections have been incorporated into the pure albedo image, while global varying ones have been incorporated into the pure shade image, which still shows the presence of the foreground pigment. This eect is attributed by specular reection of the pigments, because it was found to become stronger than the reection of the raw pulp when the camera is located at the position of mirror reection; whereas to become weaker when far located from mirror position (See pp.638-639 of The Color Science Association of Japan [3] for detail).
In spite of the presence of these local anomalies in pure shade image, the overall eect caused by albedo component is separated into pure albedo image as is shown in the images (Figs.6b and 7b) . Although the eects due to globally specular components and weak interreections may remain uncorrected, they may not markedly aect the reliability of results when the paper is not glossy, which may be normally true for typical books. Therefore, we believe that the separated pure shade image is acceptably similar to the model image of Lambertian reection. The enlarged orthoimage (Fig.10d) indicates suitable pure albedo separation and correction of the apparent deformation.
Based on these results, we consider the proposed algorithm to be generally suitable, especially when considering it relative to the number of inherent diculties associated with the considered SFS recovery problem, and the current status of SFS research. Nev- ertheless, it can be argued that further research must be directed at improving the preprocessing step in order to obtain higher accuracy for broader conditions. 5 
Conclusions
A shape from shading problem of book surface using two light sources under the perspective environment has been discussed. Following new concepts or approaches have been discussed throughout this paper.
-Direct solution of the fully perspective SFS problem -Division of the problem into simplied ones -Separation of the pure albedo and shade images -Phenomena-based model of the interreections -F eed-back shape recovery overcoming the selfshadows Through the simulations and real experiments, it has been shown that acceptable results can be obtained in spite of the underlying diculties.
However, application of the proposed approach i s restricted to the globally cylindrical shape with matte reectance and without glossy or specular ones. Further researches should be done in order to develop more reliable preprocessing algorithms. For the application of shape recovery of general object which has two degrees of orientation, the research about nding another invariant or constraint shall be done.
We believe that, once the proposed approach would be extended into the shape recovery of general object having two orientations of slope, the approach would be more useful than other shape recovery approaches in the applications of shape and albedo recovery of compact and smooth surface because of the eciency in time. For example, this technique is expected to be useful in producing the attened image of rare books when the restriction of non-contact observation is highly required. 
